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NASA TT F-11,047 

THEORY OF ELECTROLYTIC REDUCTION OF CHROMIC ACID 

S. Dordevic (Engineer, Doctor) 

ABSTRACT. The a r t i c l e  r e p o r t s  on t h e  d i f f e r e n t  t h e o r i e s  of 
e l e c t r o l y t i c  r educ t ion  wi th  r e spec t  t o  use of chromic a c i d  
f o r  i n d u s t r i a l  e l e c t r o p l a t i n g  processes .  No one theory has  
y e t  been devised which s a t i s f a c t o r i l y  accounts  f o r  a l l  
phenomena involved i n  t h e  e l e c t r o l y t i c  r educ t ion  of chromic 
a c i d .  Taking a l l  c u r r e n t  t h e o r i e s  i n t o  cons ide ra t ion ,  t h e  
au tho r  cons ide r s  i t  most probable t h a t  t h e  process  involves  
t h e  formation of a f i l m  on t h e  cathode wi th  semiconductor 
p r o p e r t i e s  which conducts e l e c t r i c i t y  and thereby reduces 
t h e  chromic a c i d .  

E l e c t r o l y s i s  i s  t h e  decomposition of e l e c t r o l y t e s  under t h e  a c t i o n  of _1361* 
e l e c t r i c  c u r r e n t s .  By means of e l e c t r o l y s i s ,  w e  o b t a i n ,  today i n  our indus- 
t r ies ,  a l a r g e  number of products.  Its importance c o n s i s t s  p r e c i s e l y  i n  t h e  
f a c t  t h a t  i t  makes p o s s i b l e  product ion  of c e r t a i n  products  which cannot b e  ob- 
t a i n e d  by chemical r e a c t i o n s ;  o r ,  even i f  they may be  obtained by chemical 
r e a c t i o n s ,  they are s t i l l  produced by e l e c t r o l y s i s  because e l e c t r o l y s i s  y i e l d s  
a pu re r  product  and makes p o s s i b l e  a more r a t i o n a l  process ing  of r a w  materials.  

To a t t a i n  a n  economical product ion  of a product by e l e c t r o l y s i s ,  i . e . ,  t o  
achieve  a good y i e l d  of a product of high p u r i t y ,  t h e  theory of processes  
which t a k e  p l a c e  on t h e  e l e c t r o d e s  during e l e c t r o l y s i s  must be known thoroughly.  
One of t h e  f i e l d s  i n  which e l e c t r o l y s i s  i s  used i s  e l e c t r o p l a t i n g .  The purpose 
of e l e c t r o p l a t i n g  is t o  c r e a t e  t h i n  m e t a l l i c  l a y e r s  by means of e l e c t r o l y s i s .  
These meta l l ic  l a y e r s  s e r v e  f o r  decora t ive  purposes o r  co r ros ion  p r o t e c t i o n .  
Depending on t h e  func t ion  of t h e  e l ec t ro ly t i ca l ly -p roduced  metal l ic  l a y e r ,  an 
a t t empt  i s  made t o  produce a l a y e r  of adequate q u a l i t y .  Sometimes t h e  e l e c t r o -  
l y t i ca l ly -p roduced  metall ic l a y e r  i s  expected t o  be sh iny ,  sometimes ha rd ,  
sometimes non-porous, a t  o t h e r  t i m e s ,  however, i t  should b e  porous,  etc.  Metal 
c o a t i n g s  of t h e  same material bu t  of d i f f e r e n t  c h a r a c t e r i s t i c s  can b e  produced 
by e l e c t r o l y s i s .  However, t h i s  i s  p o s s i b l e  only i f  t h e  theory of e l e c t r o l y t i c  
p r e c i p i t a t i o n  of t h e  appropr i a t e  metal i s  thoroughly known. 

Among t h e  e l e c t r o p l a t i n g  procedures incorpora ted  i n t o  everyday p r a c t i c e ,  
chrome p l a t i n g  i s  t h e  one most o f t e n  encountered. I n  p r a c t i c e ,  sh iny ,  d u l l ,  
w h i t i s h ,  porous,  and hard chromium coat ings  are encountered. It i s  c h a r a c t e r i s -  
t i c  that  a l l  of them are produced from t h e  same e l e c t r o l y t e ,  i . e . ,  chromic a c i d ,  
and thus  i t  is very important t o  be acquainted wi th  t h e  theory which provides  
t h e  complete p i c t u r e  of how metall ic chromium may b e  p r e c i p i t a t e d  from chromic 
a c i d  s o l u t i o n s .  Once t h e  theory which r e g u l a t e s  a c e r t a i n  t echno log ica l  pro- 
cedure  i s  a s s i m i l a t e d  t h e  procedure may be c a r r i e d  ou t  i n  e x a c t l y  t h e  d e s i r e d  
manner. 

*Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  f o r e i g n  t e x t .  
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Unfortunately,  because of t he  very complicated mechanism of chromic a c i d  
r educ t ion ,  no unique theory concerning i ts  r educ t ion  on t h e  cathode y e t  e x i s t s ;  
consequent ly ,  w e  p re sen t  c e r t a i n  e x i s t i n g  t h e o r i e s  and t h e  r e s u l t s  of i n v e s t i -  
ga t ions  concerning t h e  e l e c t r o l y t i c  reduct ion  of chromium a c i d .  

For t h e  e l e c t r o l y s i s  of a c e r t a i n  e l e c t r o l y t e ,  an a p p r o p r i a t e  e l e c t r o l y t i c  
c e l l  is  necessary.  An e l e c t r o l y t i c  c e l l  c o n s i s t s  of a con ta ine r  and e l e c t r o d e s .  
The e l e c t r o d e  connected t o  the  nega t ive  pole  of t h e  c u r r e n t  source  i s  c a l l e d  
t h e  cathode and t h e  o t h e r ,  connected t o  the  p o s i t i v e  po le  of t h e  c u r r e n t  source ,  
i s  c a l l e d  t h e  anode. During e l e c t r o l y s i s ,  e lec t rochemica l  r e a c t i o n s  occur on 
t h e  cathode and anode r e s u l t i n g  from the  p a r t i c i p a t i o n  of no t  only i o n s ,  atoms, 
o r  molecules ,  b u t  a l s o  of e l e c t r o n s .  

During e l e c t r o l y s i s  of aqueous s o l u t i o n s  of s a l t s ,  metal o r  hydrogen are 
u s u a l l y  obtained as t h e  product  on t h e  cathode. Since t h e r e  are metal l ic  and 
hydrogen ions  a l r eady  p resen t  i n  the  e l e c t r o l y t i c  s o l u t i o n ,  t h e  fol lowing 
cathode e lec t rochemica l  r e a c t i o n s  may be w r i t t e n  as an example: 

, CU*+'+ 2e = cu 
2H+ f 2e = I%, 

where e r e p r e s e n t s  e l e c t r o n s .  The reduct ion  of p o s i t i v e  charges i n  a subs tance  
i s  de f ined  i n  chemistry as a r educ t ion  process ,  hence,  i t  fo l lows  from t h e  
above equat ions  t h a t  t h e  c u p r i  i ons  are reduced on t h e  cathode down t o  m e t a l l i c  
copper and t h e  hydrogen ions  down t o  elementary hydrogen. In  gene ra l ,  reduc- 
t i o n  always takes  p l a c e  on t h e  cathode during t h e  e l e c t r o l y s i s  process .  

The c a t i o n  does no t  always have t o  be reduced t o  m e t a l  on t h e  cathode;  
i t  may happen t h a t  i t  is  only reduced from a h igher  va lence  s t a t e  i n t o  a lower 
one as ,  f o r  example: I 3 6 2  

The cathode may a l s o  be t h e  loca t ion  of r educ t ion  of c e r t a i n  complex 
an ions  such as n i t r a t e s ,  i o d a t e s ,  bromates, chromates,  and o t h e r s  whose re- 
d u c t i o n  may be descr ibed  by t h e  following e lec t rochemica l  equat ions :  

For t h e  i o n  t o  react a t  t h e  e l ec t rode ,  i t  must be  a b l e  t o  reach i t .  
The e l ec t r i c  f i e l d  e x i s t i n g  between the cathode and anode d i r e c t s  t h e  motion 
of t h e  c a t i o n  towards t h e  cathode and of t h e  an ion  towards t h e  anode, and 
t h u s ,  t o  avoid confusion i t  must be s t r e s s e d  t h a t  i n  t h e  case  of anion reduc- 
t i o n  a t  t h e  cathode they reach the  cathode by means of convect ion and d i f f u s i o n ,  
w h i l e  t h e  d i f f u s i o n  i s ,  i n  t u r n ,  caused by t h e  concen t r a t ion  of anions a t  t h e  

2 

r 



s u r f a c e  of t he  cathode. Because of t h e i r  disappearance t h i s  i s  caused by the  
cathode r e a c t i o n .  

I n  c o n t r a d i s t i n c t i o n  t o  the  cathode, ox ida t ion  is  always encountered a t  
t h e  s u r f a c e  of t h e  anode; t h i s  may be an  anion ox ida t ion  such as e .g . ,  oxida- 
t i o n  of the  c h l o r i n e  ion  down t o  elementary c h l o r i n e ,  t h e  f e r r o  i o n  t o  t h e  
f e r r i  i o n ,  or  t h e  ox ida t ion  of t h e  very  metal of which t h e  anode i s  made; i n  
t h i s  case t h e r e  seems t o  be a s o l u b l e  anode. 
procedures a s o l u b l e  anode i s  indeed used s o  t h a t  t h e  composition of the ba th  
during t h e  e l e c t r o l y s i s  remains unchanged. 
case of chromium p l a t i n g  where a nonsoluble lead  anode made i s  used on which 
dur ing  t h e  e l e c t r o l y s i s ,  oxygen is  developed according t o  t h e  reduct ions :  

I n  t h e  ma jo r i ty  of e l e c t r o p l a t i n g  

An except ion  is  encountered i n  the  
, 

40H = 0 4- 2H-0 + 4e 
40N = 02 t 2H-0 + 4c 

( a l k a l i n e  medium) 
( a l k a l i n e  medium) 

Since w e  desc r ibe  i n  t h i s  a r t i c l e  a process  which occurs  a t  t h e  cathode 
only ,  w e  w i l l  no t  d i scuss  processes  connected wi th  t h e  anode. 

I n  a s tudy of t h e  e l e c t r o l y s i s  of a mixture  of e l e c t r o l y t e s ,  t h e  ques- 
t i o n  of which one of them i s  t h e  f i r s t  t o  be decomposed ar ises .  Theore t i ca l ly ,  
t h e  f i r s t  e l e c t r o l y t e  t o  be decomposed should be  t h e  one r equ i r ing  t h e  least  
amount of e lec t r ica l  energy f o r  t h e  process ,  and s i n c e  t h i s ,  i n  t u r n ,  i s  a 
product  of vo l t age  and amount of charge,  i t  is  clear t h a t  t h e  e l e c t r o l y t e  f o r  
which t h e  decomposition vo l t age  i s  the  least w i l l  be  decomposed f i r s t .  
The decomposition vo l t age  is  a quan t i ty  c h a r a c t e r i s t i c  f o r  each e l e c t r o l y t e -  
e l e c t r o d e  system. For in s t ance ,  i f  both e l e c t r o d e s  are made of platinum and 
t h e  e l e c t r o l y t e  is a mixture  of copper s u l f a t e ,  s u l f u r i c  a c i d ,  and n i c k e l  su l -  
f a t e ,  i t  i s  found t h a t  as v o l t a g e  gradual ly  inc reases  t h a t  t he  f i r s t  t o  
decompose on t h e  e l e c t r o d e  w i l l  be  t h e  copper s u l f a t e ,  then  t h e  s u l f u r i c  a c i d ,  
and f i n a l l y  t h e  n i c k e l  s u l f a t e .  The decomposition vo l t age  may be determined 
by means of a comparatively s imple experiment. For each appl ied  e l e c t r o d e  
v o l t a g e  i t  is only necessary t o  determine t h e  c u r r e n t  and p l o t  a graph such 
as t h e  one shown i n  F igure  1. A s  long as t h e  decomposition vo l t age  is no t  
reached w i t h i n  t h e  ce l l ,  t h e r e  w i l l  be f o r  a l l  p r a c t i c a l  purposes no e l e c t r o l y t -  
i c  c u r r e n t ,  i . e . ,  t h e r e  w i l l  e x i s t  only a weak c u r r e n t  caused by t h e  decom- 
p o s i t i o n  of e l e c t r o l y t i c  impur i t i e s  whose decomposition vo l t age  i s  lower than  t h e  
decomposition v o l t a g e  of t h e  e l e c t r o l y t e  under i n v e s t i g a t i o n .  Consequently, t h e  
v o l t a g e  which corresponds t o  po in t  A on t h e  cur ren t -vol tage  curve,  as t h e  c u r r e n t  
OAB i s  c a l l e d ,  r e p r e s e n t s  t h e  decomposition v o l t a g e s  of t h e  e l e c t r o l y t e  under 
cons ide ra t ion .  The cur ren t -vol tage  curve obtained i n  t h i s  manner i s  t h e  r e s u l t  
of t h e  processes  which t ake  p l a c e  a t  the  anode and cathode. 

The processes  which t a k e  p l ace  during e l e c t r o l y s i s  may be b e t t e r  understood 
if t h e  phenomena connected wi th  the  cathode o r  t h e  anode are s tud ied  s e p a r a t e l y .  
Events  which occur a t  one of t h e  e l ec t rodes  may be inves t iga t ed  by means of 
cu r ren t -vo l t age  diagrams of t h e  e l ec t rode  which may be r e g i s t e r e d  i f  e i t h e r  
t h e  cathode o r  t h e  anode, by means of special  techniques ,  i s  coupled t o  a cer- 
t a i n  s t anda rd  e l e c t r o d e  whose e lec t romot ive  f o r c e  may be determined by poten t io-  
met r ic  means.' From t h e  measured electromotive f o r c e  and t h e  known p o t e n t i a l  of 
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Figure 1. 
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the  s tandard  e l e c t r o d e ,  t h e  p o t e n t i a l  of 
e i t h e r  t he  anode o r  t h e  cathode may be 
ca l cu la t ed .  Since t h e  cathode o r  t h e  
anode p o t e n t i a l  may be determined f o r  
d i f f e r e n t  c u r r e n t  d e n s i t i e s  i n  order  t o  
avoid t h e  in f luence  of t h e  s i z e  of t h e  
e l ec t rode  s u r f a c e ,  t h e  cathode o r  anode 
p o t e n t i a l s  are shown g raph ica l ly  as func- 
t i o n s  of cu r ren t  d e n s i t y .  Since during 
the  e l e c t r o d e  p o t e n t i a l  de te rmina t ions  
the  p o t e n t i a l  drop between t h e  e l e c t r o d e s  
caused by t h e  ohmic r e s i s t a n c e  of t h e  
e l e c t r o l y t e  are no t  taken i n t o  considera- 
t i o n ,  e l ec t rode  po ten t i a l - cu r ren t  dens i ty  
curves are of much g r e a t e r  importance 
than t h e  curves determining t h e  decom- 
p o s i t i o n  vol tage .  They are used f o r  
the s tudy  of t h e  mechanism of r e a c t i o n s  
tak ing  p lace  a t  t h e  e l e c t r o d e s .  

The e l e c t r o d e  f o r  which t h e r e  e x i s t s  
an equi l ibr ium p o t e n t i a l  f o r  t he  given 
system is  dynamically e q u i l i b r a t e d  wi th  
r e spec t  t o  t h e  r e a c t i o n s  which t ake  
place on i t .  Thus, f o r  i n s t a n c e ,  i n  
the  case of a copper e l e c t r o d e  i n  t h e  
copper s u l f a t e  s o l u t i o n  t h e r e  i s  dynamic 
equi l ibr ium correspondence between 

Figure 2.  
Cu and Cu* + 2e. I f  i t  i s  requi red  t o  

have t h e  r e a c t i o n  Cuft + 2e Cu3 proceed a t  t h e  copper e l e c t r o d e  a t  a c e r t a i n  
d e f i n i t e  ra te ,  a vo l t age  which is  more negat ive  than  t h e  equi l ibr ium va lue  must 
be app l i ed  t o  t h e  e l ec t rode .  This  d i f f e r e n c e  between t h e  e l e c t r o d e  p o t e n t i a l  
a t  which a c e r t a i n  r e a c t i o n  takes  p l ace  on t h e  e l e c t r o d e  and t h e  equi l ibr ium 
p o t e n t i a l  f o r  t he  given system rep resen t s  t h e  p o l a r i z a t i o n  va lue  of t h e  e lec-  
t rode .  The e l e c t r o d e  po ten t i a l - cu r ren t  d e n s i t y  curves  i n d i c a t e  p r e c i s e l y  the  
e l e c t r o d e  p o l a r i z a t i o n  and are  c a l l e d  p o l a r i z a t i o n  curves. 

/ 3 6 3  

P o l a r i z a t i o n  curves may have t h e  form shown i n  F igures  2a and 2b. The 
h o r i z o n t a l  segments on t h e  curve i n  Figure 2b are caused by some kind of po la r i -  
z a t i o n .  It w i l l  be  shown below t h a t  t h i s  i s  exac t ly  t h e  case dur ing  t h e  reduc- 
t i o n  of chromic a c i d  on t h e  cathode. 

S ince  during chromium p l a t i n g ,  no t  only chromium b u t  a l s o  hydrogen i s  
found l i b e r a t e d  a t  t h e  cathode,  a spec i f ic  f e a t u r e  r e l a t e d  t o  t h e  l i b e r a t i o n  

of hydrogen a t  t h e  cathode fol lowing the 2$ + 2e = H2 r e a c t i o n  should be 

cons idered .  I n  aqueous e l e c t r o l y t e  s o l u t i o n s  hydrogen i s  no t  l i b e r a t e d  a t  
t h e  equ i l ib r ium p o t e n t i a l  bu t  i t  i s  accompanied by a s p e c i f i c  p o l a r i z a t i o n  
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value  termed prevol tage  which depends on t h e  n a t u r e  of t h e  cathode,  e l e c t r o l y t e ,  
temperature ,  and c u r r e n t  dens i ty  of t h e  cathode. A s u b s t a n t i a l l y  more nega t ive  
p o t e n t i a l  va lue  than  t h e  one f o r  t h e  equi l ibr ium of t h e  given system must be 
appl ied  t o  the  cathode be fo re  l i b e r a t i o n  of hydrogen can occur.  
p revol tage  va lue  of hydrogen on platinum and noble  metals is  low, i t  becomes 
high i n  t h e  case of such metals as z inc ,  l e a d ,  mercury, and aluminum, and i n  
t h e  case of low cu r ren t  d e n s i t i e s  i t  i s  between 0.6 and 0.8 V .  With an inc rease  
i n  cu r ren t  i t  rises. In  t h e  case of chromium t h e  hydrogen prevol tage  i s  no t  
very l a r g e  and thus  i t  becomes l i b e r a t e d  on the  cathode during chromium p l a t i n g .  

While the  

Having presented  some genera l  concepts concerning t h e  r educ t ion  on cathodes,  
w e  now p resen t  t h e  t h e o r i e s  p e r t a i n i n g  t o  e l e c t r o l y t i c  reduct ion  of chromic a c i d .  

I n  t h e  f i r s t  p l a c e ,  i t  may be asked, why e l e c t r o l y t e s  on t h e  b a s i s  of chromo 

(Cr2+) o r  chromi (Cr3+) ions  are not  used i n  t h e  product ion of chromium coa t ings .  

~- - 

The chromo sa l t  s o l u t i o n s  are uns tab le  s i n c e  they ox id ize  i n  con tac t  wi th  
atmospheric  oxygen and t h e  same would happen i f  they were t o  come i n t o  con tac t  
wi th  t h e  oxygen developed a t  the  anode, which means t h a t  t h e  c e l l  would have t o  
be equipped with a diaphragm and be hermet ica l ly  sea l ed .  
e l e c t r o p l a t i n g  c e l l s  would not  be economical. A t t e m p t s  t o  e s t a b l i s h  good 
q u a l i t y  chromium coat ings  from chromo or chromi sal ts  has not  y e t  produced 
s a t i s f a c t o r y  r e s u l t s .  Consequently, Sargent and Liebere ich  found s imulta-  

from a s o l u t i o n  of chromic ac id  with an a d d i t i o n  of s u l f u r i c  a c i d  when the  
r a t i o  of c,03 t o  H2S04 = 100:(0.8 t o  1 . 2 ) .  
an i n t e n s i v e  s tudy  on t h e  p a r t  of var ious  au tho r s  of t h e  e l e c t r o l y t i c  reduct ion  
of .chromic  ac id  under d i f f e r e n t  condi t ions  wi th  t h e  a i m  of e s t a b l i s h i n g  a theory 
of t h i s  r educ t ion .  

The use  of a i r t i g h t  

lneously t h a t  good chromium coa t ings  and good u t i l i z a t i o n  of c u r r e n t  can be obtained 

This  breakthrough w a s  followed by 

To t h e  p re sen t  day the re  does no t  e x i s t  a s i n g l e  accepted theory of e lec-  
t r o l y t i c  r educ t ion  of chromic ac id .  

The r e s u l t s  achieved i n  t h i s  f i e l d  are o f t e n  con t r ad ic to ry  as a r e s u l t  of 
d i f f e r e n t  r e g i s t r a t i o n  methods; a t  t h e  onset  of t hese  i n v e s t i g a t i o n s  no one 
know t h a t  t h e  presence of c e r t a i n  fore ign  ions  has  a g r e a t  e f f e c t  on t h e  reduc- 
t i o n  of chromic ac id .  Consequently, because of t h e  presence of va r ious  impuri- 
t i es ,  chromic a c i d s  of d i f f e r i n g  o r i g i n  y i e lded  d i f f e r e n t  r e s u l t s .  The g rea t -  
est number of i n v e s t i g a t i o n s  d e a l t  with t h e  de te rmina t ion  of p o l a r i z a t i o n  
curves  f o r  t h e  cathode us ing  t h e  method descr ibed  b r i e f l y  below, whi le  t he  
newer methods, which were e s t a b l i s h e d  a f t e r  a long suspension i n  t h e  f i e l d  of 
t h e s e  i n v e s t i g a t i o n s ,  are based on t h e  e l e c t r o p l a t i n g  method. Since a d e f i n i t e  
theory  of chromic a c i d  reduct ion  does not e x i s t ,  w e  w i l l  p r e sen t  i n d i v i d u a l  
t h e o r i e s  on t h e  e l e c t r o l y t i c  reduct ion  of chromic ac id  as w e l l  as t h e  r e s u l t s  
of c e r t a i n  i n v e s t i g a t i o n s  i n  t h i s  f i e l d .  

The o l d e s t  theory on the  reduct ion  of chromic ac id  i s  t h a t  of Liebre ich .  

I n  h i s  i n v e s t i g a t i o n s  Liebre ich  used plat inum and o the r  noble  metals f o r  
t h e  cathode.  S tudies  were based on determinat ions of t h e  curved cathode 
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po ten t i a l - cu r ren t  dens i ty  diagram. H e  came t o  t h e  conclusion t h a t  a cathode- 
po ten t i a l - cu r ren t  dens i ty  curve is not  continuous i n  t h e  case of t h e  chromic 
a c i d  r educ t ion  as shown i n  Figure 2a bu t  has  a d iscont inuous  shape as i n  
Figure 2b, i . e . ,  i t  c o n s i s t s  of s e v e r a l  branches.  On t h e  b a s i s  of such a 
curve shape as i s  presented i n  Figure 3 ,  he came t o  t h e  conclusion t h a t  t h e  
chromic a c i d  r educ t ion  on t h e  cathode proceeds i n  s t a g e s .  
Figure 3 t h a t  a long  the  lowest h o r i z o n t a l  branch of t h e  curve he could n o t  
observe any changes wi th in  t h e  e l e c t r o l y t e  around t h e  cathode,  nor on t h e  
cathode. I n  t h e  segment of t h e  curve between t h e  p o i n t s  1 and 2 ,  a change i n  
t h e  co lo r  of t h e  e l e c t r o l y t e  is  observed i n  t h e  v i c i n i t y  of t h e  cathode;  t h e  
s o l u t i o n  becomes dark ,  and i t  i s  noted t h a t  t h e  dark  l a y e r  s tar ts  t o  mix wi th  
t h e  l i g h t  l a y e r  of t h e  e l e c t r o l y t e .  He explained t h i s  phenomenon as due t o  
t h e  appearance of chromi ions  y i e l d i n g  green. 
l i b e r a t i o n  of hydrogen is  no t  observed. 
cathode. The h o r i z o n t a l  po r t ion  of t h e  curve between t h e  po in t s  2 and 3 cor- 
responds t o  weak l i b e r a t i o n  of hydrogen as w e l l  as a weak con t inua t ion  of pro- 
duc t ion  of r e s u l t s  of chromic a c i d  reduct ion .  Beyond po in t  3 a l i b e r a t i o n  of 
hydrogen and p r e c i p i t a t i o n  of metal l ic  chromium are observed. 
L ieb re i ch ,  t h e  reduct ion  of chromium ac id  proceeds i n  fol lowing s t a g e s :  

L iebre ich  noted i n  

Along t h i s  po r t ion  of t h e  curve 
A dark  red f i l m  may be noted a t  t h e  I 3 6 4  

According t o  

I. Cr6+ + 3e - CrS+ 

11. 2C1-03 + 6Ht 4- 6e - CriOs + 311.0 
111. Cr.03 f 2HT + 2e - * 2Cr0 -I- HzO 

2H' f 2e - Hz 
CrO 4- 2H'- + 2e - Cr -I- 1120 

According t o  t h i s  theory ,  t h e  
hexavalent  chromium reduces i n t o  t h e  
t r i v a l e n t  form and between t h e  t r i v a -  
l e n t  chromium and t h e  chromic a c i d  
t h e r e  a p p e a r  b a s i c  chromium chromates 
forming t h e  cathode f i lm .  Since t h i s  
f i l m  i s  no t  completely i n s o l u b l e ,  i t  
y i e l d s  t r i v a l e n t  chromium ions  which 
are f u r t h e r  reduced t o  t h e  b i v a l e n t  
form, and t h i s  i s  f u r t h e r  reduced t o  

p r e c i p i t a t i o n  occurs  a t  a h igh ly  nega- 
t i v e  p o t e n t i a l ,  t h i s  is followed by a 
s imultaneous l i b e r a t i o n  of hydrogen. 

& metal l ic  chromium. Since chromium 
2 3 c 5 

v I 

, F i g u r e  3 

Muel le r  e t  a l ,  c a r r i e d  out  a series of works i n  order  t o  ob ta in  a theory of 
chromic a c i d  r educ t ion  on t h e  cathode, and t h i s  theory  is  now known as Muel le r ' s  
theory .  I f  pure  chromic ac id  i s  subjected t o  e l e c t r o l y s i s  p r e c i p i t a t i o n  of 
chromium on t h e  cathode i s  not  observed since, according t o  Mueller ,  t h e  cathode 
becomes covered wi th  i n s o l u b l e  b a s i c  chromi-chromate which, though porous,  pre- 
v e n t s  t h e  l a r g e  chromate ions  from reaching t h e  cathode. I f  m e t a l l i c  chromium 
i s  t o  be  obta ined  on t h e  cathode by e l e c t r o l y s i s  of chromic a c i d ,  t h e  s o l u t i o n  
must c o n t a i n  some f o r e i g n  ions  such as s u l f a t e s ,  c h l o r i d e s ,  f l u o r i d e s ,  and cer- 
t a i n  o t h e r  anions.  Muller concluded t h a t  a v i s i b l e  yellow f i lm  is  no t  obtained 
on t h e  ca thodes ,  bu t  t h a t  a diaphragm (apourous) f i l m  of b a s i c  chromates i s  
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I '  

c rea t ed  a t  a p o t e n t i a l  of + 0 . 3  V, t h a t  t h i s  diaphragm changes i t s  appearance 
a t  a p o t e n t i a l  of - 0.7 V ,  and t h a t  i t  disappears  a t  t h e  p o t e n t i a l  a t  which 
chromium starts t o  p r e c i p i t a t e .  This theory exp la ins  t h e  appearance of t h e  
cathode diaphragm by t h e  i n i t i a l  reduct ion  of chromic a c i d  t o  t h e  t r i v a l e n t  
chromium according t o  t h e  r eac t ion :  

~ HCrO-r -I- 3Hz0 4- 4c - C r + + +  -k 70H-. 

This formula i n d i c a t e s  t h a t  on t h e  cathode s u r f a c e  t h e  s o l u t i o n  becomes 
a l k a l i n e  and b a s i c  chromates are produced a t  t h e  expense of t h e  t r i v a l e n t  
chromi ion  and t h e  anion of chromic ac id  whose composition may be shown by 
formulas : 

According t o  Muel le r ' s  theory ,  t h e  molecules of t h e  b a s i c  chromi-chromates 
forming t h e  porous f i l m  o r  cathode diaphragm adhere t o  t h e  cathode because of 
ca t aphores i s  and form a l a y e r  of or ien ted  molecules where t h e  base p a r t  of 
t h e  molecule i s  o r i en ted  towards the  cathode and t h e  a c i d  towards t h e  e l ec t ro -  
l y t e .  This i s  why t h i s  diaphragm does not d i s s o l v e ,  s i n c e  t h e  s m a l l  pores  
do not  p e r m i t  access i n t o  t h e  diaphragm of chromic a c i d  anions which have a 
r e l a t i v e l y  l a r g e  diameter ;  i f  t h e s e  could reach t h e  base l a y e r  of t he  diaphragm 
they could make i t  d i s so lve .  The i n s o l u b i l i t y  of t h e  b a s i c  chromi-chromate 
d2aphragm c o n s i s t i n g  of o r i en ted  molecules i s  used by Mueller as an explana- 
t i o n  f o r  t h e  absence of chromium p r e c i p i t a t i o n  on t h e  cathode. 

A d i f f e r e n t  s i t u a t i o n  is  encountered when some comparatively s m a l l  anions 
are  p resen t  i n  t h e  s o l u t i o n ,  such as s u l f a t e  and f l u o r i d e  ions.  During cathode 
p o l a r i z a t i o n ,  as s t a t e d  above, a p o t e n t i a l  i s  reached when t h e  r educ t ion  of 
chromate down t o  t h e  chromi ions  begins  and when t h e  porous cathode diaphragm 
made of b a s i c  chromi-chromate appears .  During f u r t h e r  p o l a r i z a t i o n  of t he  
cathode t h e  small-diameter hydrogen ions p e n e t r a t e  through t h e  pores of t h e  
diaphragm towards t h e  cathodes being pul led  i n  t h i s  d i r e c t i o n  by the  e l ec t r i c  
f i e l d .  I n  view of t h e  l a r g e  a t t r a c t i v e  f o r c e  between t h e  ions  and, s i n c e  i t  
i s  imposs ib le  t o  s e p a r a t e  t h e  p o s i t i v e l y  charged ions from the  nega t ive ly  
charged i o n s ,  t h e  hydrogen ions  now loca ted  w i t h i n  t h e  pores  of t he  diaphragm 
a t t r a c t  t h e  anions.  
t i o n  between t h e  cathode and t h e  hydrogen i o n s ,  and t h e  more they p e n e t r a t e  
t h e  diaphragm t h e  g r e a t e r  i s  t h e  a t t r a c t i o n  between t h e  hydrogen ions  and t h e  
an ions .  Since t h e  a c t i o n  of l a r g e  e l e c t r o s t a t i c  f o r c e s  may cause a deformation 
of t h e  i o n s ,  i t  i s  q u i t e  p o s s i b l e  t h a t  a t  h igh  cathode p o l a r i z a t i o n  t h e  hydrogen 
i o n s  c a r r y  deformed small-diameter ions i n t o  t h e  pores  of t he  diaphragm which 
cause  d i s s o l u t i o n  of t h e  diaphragm. I f ,  f o r  i n s t a n c e ,  f l u o r i n e  ions  are present  
i n  t h e  e l e c t r o l y t e ,  t h e  d i s s o l u t i o n  of t h e  diaphragm may be descr ibed by the  
equa t ion :  

The h igher  t h e  cathode p o l a r i z a t i o n  t h e  l a r g e r  t h e  attrac- 

j Cr (OH) CrOc + HF = W+ + He0 + F- + C r O P  
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Figure 4a shows the  chemical diaphragm and t h e  p o s i t i o n  of hydrogen ions  / 3 6 5  
and anions f o r  low cathode p o l a r i z a t i o n ,  and Figure 4b desc r ibes  t h e  same s i t u a -  
t i o n  bu t  a t  high p o l a r i z a t i o n .  

Q .  

The diaphragm behaved i n  an 
i d e a l  manner i n  t h e  case  of pure 
chromic a c i d ,  however, i t  became 
damaged i n  t h e  presence of c e r t a i n  
s m a l l  d iameter  i ons  which, i n  t u r n ,  
allowed access of t h e  chromate ions  
onto t h e  cathode and t h e i r  reduct ion  
down t o  metal l ic  chromium. 

t phragm which w a s  cathode po la r i zed  
? .b i n  t h e  chromic a c i d  s o l u t i o n .  If Figure 4 

B - b a s i c  p a r t  of t h e  f i l m  
K - a c i d  p a r t  
+ - hydrogen ion  

t r e a t e d  e l e c t r o l y t i c  s i l v e r  from a 
cyanide s o l u t i o n  i s  deposi ted on a 
cathode,  i t  i s  found t h a t  i t  adheres  

i s  depos i ted  on a c l ean  metall ic 
- . . - -  . much less  t o  t h e  support  than when i t  

s u r f a c e ;  t h i s  proves the  ex i s t ence  of the porous membrane. 

Mueller w a s  a b l e  t o  prove the  
ex i s t ence  of t h e  porous cathode d ia -  

Later Mueller came t o  t h e  conclusion t h a t  t h e r e  e x i s t s  two types of d ia -  
phragms, primary ,and secondary, s i n c e  he observed s p e c i f i c  i n f luence  of t h e  
an ion  on diaphragm d i s r u p t i o n  depending on t h e  n a t u r e  of t h e  e l e c t r o d e .  
Mue l l e r ' s  r e s u l t s  obtained on carbon and plat inum cathodes were d i f f e r e n t .  

Namely, 

Weiner c a r r i e d  out  ex tens ive  i n v e s t i g a t i o n s  of chromic ac id  reduct ion  on 
d i f f e r e n t  cathodes.  In  c o n t r a d i s t i n c t i o n  t o  Liebre ich  and Mueller ,  he  c a r r i e d  
i n v e s t i g a t i o n s  on s o l u b l e  metals. H i s  experiments showed t h a t  gold cannot be 
viewed as an i n s o l u b l e  e l e c t r o d e  and t h a t  even plat inum dur ing  cathode po la r i za -  
t i o n  may be  a c t i v a t e d  and made so lub le .  It i s  w e l l  known t h a t  cathode polar iza-  
t i o n  may cause a pass ive-meta l  t o  become a c t i v e ,  i . e . ,  a s o l u b l e  e l ec t rode .  
This  w a s  a l s o  confirmed by e l e c t r o p l a t i n g  experiments.  According t o  Weiner, 
ca thode  p o t e n t i a l - c u r r e n t  dens i ty  curves obta ined  by means of s o l u b l e  e l e c t r o d e s  
c o n s i s t  of two branches separa ted  by the l i m i t i n g  c u r r e n t ,  i . e . ,  they have t h e  
shape of t h e  curve i n  Figure 2b. The curves proper  are q u i t e  s t e e p .  For 
c e r t a i n  metals such curves are shown i n  F igure  5 where t h e  h o r i z o n t a l  po r t ions  
connec t ing  t h e  i n d i v i d u a l  branches have been omit ted.  The las t  p a r t  of t h e  
curve ,  which is  t h e  s a m e  f o r  a l l  metals ,  r e p r e s e n t s  t h e  branch corresponding 
t o  hydrogen and chromium l i b e r a t i o n .  

Th i s  f i g u r e  shows t h a t  metals which y i e l d  two types  of i ons  have two as- 
s o c i a t e d  branches on t h e  cu r ren t  dens i ty -po ten t i a l  curves .  On t h e  b a s i s  of 
t h e s e  r e s u l t s ,  Weiner concludes t h a t  p o t e n t i a l s  corresponding t o  cathodes are 
n o t  caused by t h e  va r ious  oxida t ion  s t ages  of chromium s i n c e  i n  such a case  
they  would have t o  be i d e n t i c a l  f o r  a l l  types  of cathodes.  
cor respond t o  r e v e r s i b l e  metal-metal l ic  i o n  p o t e n t i a l s  and the  oxidat ion-  
r e d u c t i o n  p o t e n t i a l s  of t h e  h ighe r  and lower v a l e n t  metal l ic  c a t i o n .  

These p o t e n t i a l s  

On t h i s  
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b a s i s ,  L i e b r i e c h ' s  conclusions seem t o  
be i n c o r r e c t ,  Weiner's viewpoint may 
a l s o  be s u b s t a n t i a t e d  by t h e  f a c t  t h a t  
t h e  o rde r  i n  which t h e  branches of t h e  
curve are found agree  wi th  t h e  e l e c t r o -  
chemical o r  Volta sequence, i .e. ,  t h e  
sequence is: Au, Ag, N i ,  Cu, Pb, Sn, 
Fe, Zn, and A l .  The only except ion  i s  
N i  bu t  i t s  p o s i t i o n  near  t h e  noble  metals 
may be e a s i l y  understood i n  v i e w  of i t s  ~ 0 0 0  4 5 0 0  0 

I . m V  easy p a s s i v i z a t i o n .  

F igure  5 According t o  Weiner, t h e  diaphragm 
a t  t h e  e l e c t r o d e  i s  f u l l y  formed a t  t h e  

end of t h e  second branch of t he  curve when t h e  p o t e n t i a l  becomes r a p i d l y  more 
nega t ive  and starts m a t e r i a l i z i n g  t h e  t h i r d  branch which corresponds t o  t h e  
chromium and hydrogen l i b e r a t i o n .  

While Mueller attempted t o  a s c r i b e  the  importance of t h e  diaphragm during 
t h e  chromic ac id  r educ t ion  t o  t h e  o r i en ted  molecules of chromi-chromate on t h e  
e l e c t r o d e  s u r f a c e ,  i . e . ,  t o  assume t h a t  t h i s  i s  t h e  reason i t  is  i n s o l u b l e  i n  
chromic a c i d ,  Weiner advanced another  opinion s i n c e  he proved on t h e  b a s i s  of 
h i s  i n v e s t i g a t i o n  t h a t  t h e  d i s s o l u t i o n  r a t e  of b a s i c  chromi-chromates i n  pure 
chromic a c i d  i s  very  s m a l l ,  and thus  t h a t  i t s  i n s o l u b i l i t y  need n o t  be explained 
by a s p e c i a l  s t r u c t u r e  of t h e  l a y e r .  
c h l o r i d e s ,  o r  f l u o r i d e s ,  t h e  b a s i c  chromi-chromates become d i s so lved  and thus  
diaphragms cannot be formed wi th  low bu t  only wi th  higher  cu r ren t  d e n s i t i e s .  

In  chromic ac id  conta in ing  s u l f a t e s ,  

A more r e c e n t  work on chromic ac id  r educ t ion  a t  t h e  cathode by Reinekowski 
and Knorr shows t h a t  t h e  po ten t i a l - cu r ren t  d e n s i t y  curve c o n s i s t s  of s e v e r a l  
branches as w a s  found i n  earlier r e s u l t s  us ing  d i f f e r e n t  methodology. These 
au tho r s  were a b l e  t o  show t h a t  even on platinum curves may be obtained which 
are s imilar  t o  those  obtained on o the r  metals  s e rv ing  as cathodes,  which ind i -  
cates t h a t  dur ing  cathode p o l a r i z a t i o n  and under s p e c i f i e d  condi t ions  even 
plat inum becomes a s o l u b l e  e l ec t rode .  The theory proposed by t h e s e  au tho r s  
c la ims t h a t  t h e  i n d i v i d u a l  branches on the  cu r ren t -po ten t i a l  curve correspond 
t o  v a r i o u s  in t e rmed ia t e  products  appearing dur ing  t h e  reduct ion  and becoming 
chemisorbed on t h e  s u r f a c e  of t h e  cathode, and these ,  by t h e i r  ox ida t ion  s t a g e ,  
determine t h e  cathode p o t e n t i a l .  
and Mue l l e r ' s  t h e o r i e s  b u t  no t  wi th  Weiner's viewpoint .  

This  new theory seems t o  agree  wi th  L ieb re i ch ' s  

On t h e  b a s i s  of t hese  i n v e s t i g a t i o n s  one may even a s c r i b e  a semiconductor 
p rope r ty  t o  t h e  diaphragm formed a t  a cathode dur ing  chromic ac id  r educ t ion  
which pe rmi t s  t h e  r educ t ion  of t h e  ca t ion  a t  t he  cathode even i n  t h e  presence 
of a diaphragm. However, t h i s  w a s  a l ready  poin ted  out  by Weiner. 

I n  s p i t e  of t h e  s e v e r a l  t h e o r i e s  presented ,  t h e  ques t ion  of whether t h e  
chromic a c i d  i s  reduced d i r e c t l y  down t o  t h e  m e t a l l i c  s t a t e  on t h e  cathode o r  
whether t h e  r educ t ion  proceeds by means of i n t e rmed ia t e  s t ages  s t i l l  remains un- 
so lved .  Even i n  t h i s  r e spec t  d i f f e r e n t  viewpoints e x i s t ,  though r e c e n t  i n v e s t i -  
g a t i o n s  u s i n g  r a d i o a c t i v e  chromium i n d i c a t e  t h e  p r o b a b i l i t y  t h a t  r educ t ion  occurs  
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d i r e c t l y  from t h e  hexavalent  chromium t o  the  metall ic s ta te .  

Before summarizing t h e  r e s u l t  l e t  us b r i e f l y  survey t h e  p r o p e r t i e s  of 
t h e  f i l m  o r  diaphragm which, according t o  a l l  t h e o r i e s ,  appears  a t  t h e  cathode 
during the  r educ t ion  of chromic ac id .  According t o  Liebre ich ,  Muel ler ,  and 
Weiner t h e r e  appears  a t  t h e  cathode a f i lm of s p e c i f i c  th ickness  c o n s i s t i n g  of 
s o l i d  subs tances  which can be  proved even by microscopic  means. 
emphasized t h a t  t h e s e  au tho r s  do not  agree on which branch of t h e  cu r ren t  dens i ty-  
p o t e n t i a l  curve t h i s  f i l m  appears.  On the  o t h e r  hand, Gerischer  and Kappel 
claim t h a t  t he  f i l m  appears  on the  cathode r ega rd le s s  of t h e  presence o r  ab- 
sence of fo re ign  impuri ty  anions w i t h i n  t h e  chromic a c i d ,  and t h i s  t akes  p l a c e  
whenever t h e  cathode p o t e n t i a l  i s  below + 1100 m i l l i v o l t s ;  he re  t h e  f i l m  i s  
very t h i n  and i t s  th ickness  i s  equal  t o  t h e  s i z e  of two l a y e r s  of molecules.  
The d i f f e r e n c e  concerning t h e s e  conclusions o r i g i n a t e s  from t h e  f a c t  t h a t  t h e  
f i l m  th i ckness  measurements u t i l i z e  d i f f e r e n t  methods. According t o  the  new 
theory ,  t h e  cathode f i l m  need no t  be porous t o  permit  a contac t  between t h e  
ions  and e l e c t r o d e  i f  i t  indeed has  semiconductor p r o p e r t i e s .  Earlier w e  
presented  opinions of c e r t a i n  au thors  concerning t h e  e f f e c t s  of f o r e i g n  anions 
on t h e  diaphragm c rea t ed  a t  t h e  cathode dur ing  chrome p l a t i n g .  According t o  
Ger i scher  and Kappel, t hese  anions prevent t he  formation of a secondary t h i c k  
f i l m  which develops i n  pure chromic a c i d .  One may assume t h a t  t h i s  secondary 
f i l m  becomes mechanically d i s rup ted  by the hydrogen l i b e r a t e d  a t  t h e  cathode. 

It should b e  

The e x i s t e n c e  of t h e  f i l m  a t  t h e  cathode s u r f a c e  g ives  rise t o  a very  
nega t ive  p o t e n t i a l  of chromic ac id  reduct ion  which is  even more nega t ive  than  
t h e  one corresponding t o  hydrogen l i b e r a t i o n  and t h i s  causes the  hydrogen t o  
be l i b e r a t e d  s imultaneously with chromium. I f  i t  is  known t h a t  a t  t he  cathode 

r educ t ion  down t o  t h e  Cr3+ ion  a l s o  takes  p l a c e ,  i t  becomes c l e a r  why t h e  
c u r r e n t  u t i l i z a t i o n  dur ing  chromium p r e c i p i t a t i o n  is  s o  low, i . e . ,  about 15%. 
It i s  w e l l  known t h a t  metal p r e c i p i t a t i o n  a t  h igh  p o l a r i z a t i o n  l eads  t o  a 
f i n e  smal l -gra in  and shiny depos i t .  This is t h e  reason  why chromium w a s  t h e  
f i r s t  metal which i n  e l e c t r o p l a t i n g  y ie lded  b r i l l i a n t  shiny coa t ings .  Later 
t h i s  phenomenon w a s  a l s o  u t i l i z e d  f o r  the product ion of o the r  sh iny  metal 
coa t ings .  

On t h e  b a s i s  of t h e  above, i t  may b e  concluded t h a t  t h e  theory of e l e c t r o -  
l y t i c a l  r educ t ion  of chromium i s  not  ye t  f u l l y  developed. For t h e  t i m e  be ing ,  
, i t  may be claimed t h a t  a f i l m  i s  created which probably has t h e  p r o p e r t i e s  of a 
semiconductor and thus  permits  t he  passage of e l e c t r i c i t y  and t h e  r educ t ion  of 
chromic a c i d .  An a d d i t i o n  of fo re ign  anions augments c a t a l y t i c a l l y  t h e  power 
of chromic a c i d  wi th  respect t o  t h e  d i s s o l u t i o n  of b a s i c  chromic chromates 
and f o r  t h i s  reason i t  i s  d i f f i c u l t  t o  accept  Muel le r ' s  theory.  Of g r e a t  
importance i s  t h e  behavior  of cathodes made of d i f f e r e n t  metals s i n c e  t h e s e  
i n f l u e n c e  t h e  p o t e n t i a l s  of t he  cathodes as can be seen from Figure 5. Be- 
cause  of a very complicated mechanism the r educ t ion  of chromic a c i d  i s  accom- 
panied by s t rong  p o l a r i z a t i o n  and t h i s  makes p o s s i b l e  t h e  product ion of b r i l l i a n t  
chromium coa t ings .  
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